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============

The term gene therapy refers to the treatment of human diseases using genetic methods, which can comprise either the introduction of a healthy copy of a flawed gene or correction of a gene to restore its biological function. The concept was initially proposed in the early 1990s ([@CR1]), when both the knowledge of human genes and the understanding of molecular mechanisms underlying disease progression opened up the possibility of genetic intervention to achieve a therapeutic outcome. In the first wave of gene therapy, replication-defective retroviruses were utilized as gene delivery vectors, but the hope was soon dampened by concerns around side effects, including inflammatory responses to the vectors and the potential for genotoxicity caused by vector integration into the genome. In spite of the setbacks experienced in the early trials, advances in virology, immunology, and other related areas continued to provide improved vectors that promised to overcome these technical obstacles. In the 2000s, adeno-associated virus (AAV) vectors derived from non-pathogenic and non-enveloped replication-defective parvovirus emerged as a safe and efficient tool for gene delivery, triggering a second wave of clinical activity. Initial clinical gene therapy success was reported in 2008 by three independent groups that demonstrated the safety of subretinal injection of retinal pigment epithelium--specific 65-kDa protein (RPE65)--expressing AAV vector, leading to vision improvement in people with inherited blindness ([@CR2]--[@CR4]). As a result, a comeback for gene therapy was declared ([@CR5]). Eventually, in 2017, LUXTURNA™ (voretigene neparvovec-rzyl) from Spark Therapeutics, Inc. (Philadelphia, PA) became the first United States Food and Drug Administration (FDA)--approved gene therapy product for the eye.

Although gene therapy is being pursued as a strategy for the treatment of a range of genetic diseases, ocular disorders are particularly attractive targets for this type of therapy. Individual genes responsible for a range of ocular disease conditions, including inherited blindness, have been identified. In the posterior segment of the eye, retinal cells are post-mitotic, allowing for sustained gene expression without the need for genomic integration of the transgene. The eye has a well-defined anatomy with a limited and closed physical space that offers unique advantages for local delivery, including the ability to directly visualize and access the tissue. In addition, the blood-ocular barrier contributes to ocular immune privilege and limits immunologic responses to gene therapy products. Gene therapy also offers the potential for long-lasting treatment, mitigating the treatment burden often associated with local delivery to the posterior segment (e.g., intravitreal injection of anti--vascular endothelial growth factor \[VEGF\] biologics). Finally, the significant progress of ophthalmology research, including the availability of relevant animal models, also contributes to the intensified activities in ocular gene therapy.

Inherited retinopathies such as Leber congenital amaurosis type 2 (LCA2), which is associated with mutations in the *RPE65* gene, have been the focus of early clinical interest and success. By 2013, persistent visual improvement as well as safety were reported in clinical studies for up to 3 years following a single subretinal injection of AAV vectors expressing *RPE65* in LCA2 patients ([@CR6]--[@CR10]). The safety, including immune tolerability, and efficacy of a second injection in the contralateral eye were further demonstrated by Bennett *et al*. ([@CR11]).

Multiyear follow-up evaluation of the patients from two other trials ([ClinicalTrials.gov](http://clinicaltrials.gov) NCT00481546 and NCT00643747), however, revealed progressive decline of clinical benefits including retinal sensitivity, visual acuity, and functional gain following an initial peak seen at 6--12 months after the treatment ([@CR12],[@CR13]). This result underscores the challenge of using gene therapy as a long-term treatment. The FDA approval of sequential and bilateral injection of voretigene neparvovec-rzyl to treat visually impaired patients who carry an *RPE65* mutation was based on 1-year data from the only randomized controlled phase III clinical study to date, which demonstrated significant vision improvement as a result of the treatment ([@CR14]).

With the clinical success for LCA2 patients, vector-based gene transfer is now being explored clinically for other forms of hereditary retinal diseases, including choroideremia ([@CR15]), Leber hereditary optic neuropathy (LHON; [ClinicalTrials.gov](http://clinicaltrials.gov) NCT01267422 and NCT02161380), Stargardt disease ([ClinicalTrials.gov](http://clinicaltrials.gov) NCT01367444), X-linked retinoschisis (XLRS), and X-linked retinitis pigmentosa (XLRP) (Table [I](#Tab1){ref-type="table"}). In addition to monogenic inherited retinal disorders, gene therapy is also being explored to treat various corneal diseases associated with inherited mutations. These efforts are currently mostly limited to animal studies ([@CR16]).Table ISummary of Active Ocular Gene Therapy ProgramsCompanyProgram/ ProductDisease/ MechanismVector TechnologyAdministration RouteStatusReferencesSpark Therapeutics, Inc.LUXTURNA™ (voretigene neparvovec-rzyl)Confirmed biallelic RPE65 mutation--associated retinal dystrophy; *RPE65* gene deliveryAAV2Subretinal injectionUS approval (2017)Prescribing informationNightstar TherapeuticsNSR-REP1Choroideremia; *REP1* gene deliveryAAV2Subretinal injectionPhase IIICompany website\
NCT03496012NSR-RPGRX-linked retinitis pigmentosa; codon-optimized *RPGR* gene deliveryAAVSubretinal injectionPhase I/IICompany website\
NCT03116113NSR-BEST1Best vitelliform macular dystrophy; *BEST1* gene deliveryUndisclosedUndisclosedPreclinicalCompany websiteRegenXBio Inc.RGX-314Wet AMD; anti-VEGF monoclonal antibody fragmentNAV AAV8Subretinal injectionPhase ICompany websiteApplied Genetic Technologies CorporationXLRS (with Biogen, Inc.)X-linked retinoschisis; *hRS1* gene deliveryrAAV2tYFIntravitreal injectionPhase I/IIApril 10, 2018 press releaseACHM B3Achromatopsia; *hCNGB3* gene deliveryrAAV2tYFSubretinal injectionPhase I/IICompany website\
NCT02599922ACHM A3 / AGTC-402Achromatopsia; *hCNGA3* gene deliveryrAAV2tYFSubretinal injectionPhase I/IICompany website\
NCT02935517XLRP (with Biogen, Inc.)X-linked retinitis pigmentosa; *RPGR* gene deliveryrAAV2tYFSubretinal injectionPhase I/IIApril 18, 2018 press releaseGenSight BiologicsGS010 (rAAV2/2-ND4)LHONAAV2Intravitreal injectionPhase I/IINCT02064569National Eye Institute, US National Institutes of HealthscAAV2-P1ND4v2LHONAAV2Intravitreal injectionPhase INCT02161380Sanofi GenzymeSAR422459 (with Oxford BioMedica)Stargardt disease; *ABCR* gene deliveryLentivirus (LentiVector)Subretinal injectionPhase IICompany websiteSAR421869 (with Oxford BioMedica)Usher syndrome type 1B; *MYO7A* gene deliveryLentivirus (LentiVector)Phase I/IICompany websiteAllergan plcRST-001 (acquired RetroSense Therapeutics LLC)Retinitis pigmentosa; channelrhodopsin-2 optogenetic gene therapyUndisclosedIntravitreal injectionPhase I/IIPress releases\
NCT02556736Oxford BioMedicaOXB-201Wet AMD; endostatin and angiostatin gene deliveryLentivirus (LentiVector)Subretinal injectionPhase ICompany websiteOXB-202Corneal graft rejection; endostatin and angiostatin gene deliveryLentivirus (LentiVector)Treatment of cornea prior to transplantationPreclinicalCompany websiteNational Eye Institute, US National Institutes of HealthRS1 AAV vectorXLRS; *RS1* gene deliveryAAV8Intravitreal injectionPhase I/IIaNCT02317887EyevensysEYS606Noninfectious uveitis; anti--tumor necrosis factor-α plasmid deliveryEyeCET (electrotrans-fection)Ciliary muscle transfectionPhase I/IICompany websiteEYS609Retinal vein occlusion/diabetic macular edema/wet AMD; anti-VEGF plasmid deliveryEyeCET (electrotrans-fection)Ciliary muscle transfectionPreclinicalCompany websiteEYS611Retinal degeneration; neurotrophic factor plasmid deliveryEyeCET (electrotrans-fection)Ciliary muscle transfectionPreclinicalCompany websiteAdverum Biotechnologies (formerly Avalanche Biotherapeutics)ADVM-032Wet AMD; anti-VEGF (ranibizumab)AAV.7 m8 (4DMT)Intravitreal injectionUndisclosedADVM-022Wet AMD; anti-VEGF (aflibercept)AAV.7 m8 (4DMT)Intravitreal injectionPreclinicalCompany websiteAVA-311 (with Regeneron)XLRS; *RS1* gene deliveryUndisclosedIntravitreal injectionResearch4D Molecular Therapeutics4D-110 (with Roche)Choroideremia; REP-1Therapeutic vector evolutionIntravitreal injectionPreclinicalCompany website4D-125UndisclosedTherapeutic vector evolutionIntravitreal injectionPreclinicalCompany websiteEos NeuroscienceEos-013Optogenetic gene therapyAAVPreclinicalCompany websiteBenitec BiopharmaBB-201Wet AMDNovel AAVIntravitreal injectionPreclinicalCompany websiteiVeenaIVMED-50Wet AMD; *Flt23k* gene deliveryAAVIntraocular injectionPreclinicalCompany website

Gene therapy can also be a powerful approach for treating non-hereditary chronic conditions such as age-related macular degeneration (AMD) and diabetic retinopathy. In particular, for AMD, current anti-VEGF treatments including Lucentis® (ranibizumab; Genentech, Inc., South San Francisco, CA) and Eylea® (aflibercept; Regeneron Pharmaceuticals, Inc., Tarrytown, NY) require frequent intravitreal injections and, as a result, present significant risks for patient compliance and therapeutic outcomes. Intensive efforts are under way to prolong treatment intervals, but the success with conventional sustained-release formulations or devices has thus far been limited. With the advancement of gene therapy technologies, multiple efforts are now being pursued at both the preclinical and clinical stages to achieve sustained expression of a VEGF-neutralizing protein in the posterior segment of the eye, promising a prolonged therapeutic effect from a single injection (Table [I](#Tab1){ref-type="table"}).

As gene therapy is explored as a treatment modality for an increasing number of ocular disease conditions, pharmaceutical development of gene therapy products is also progressing rapidly to help establish a powerful new class of therapeutic products. AAVs have emerged as the predominant vectors for delivering genes of interest to target tissues with improved specificity, efficiency, and safety. Development of these complex products, which consist of both viral genome and multiple structural proteins, faces numerous technical challenges. Formulation and production of AAV products requires carefully selected conditions to ensure good stability and yield, as some of the common processing methods employed for biologics, such as filtration or lyophilization, may lead to aggregation or loss of AAV titer. Maintaining stability is also a major challenge when choosing storage conditions. Also, because of the inherent complexity of AAV products, an array of advanced analytical tools is often required to provide sufficient understanding of the physiochemical properties, purity, and potency of the drug substance (DS) and product (DP). In parallel with these technical advancements, regulatory guidelines are also being adapted to clarify regulatory expectations for gene therapy products.

Overall, gene therapy has emerged as a transformational platform that can provide new treatment options for numerous ocular diseases, and its potential is only beginning to be realized. Although evolving fast, gene therapy is still at the early stage of its development as a new therapeutic modality. It is therefore our intent to provide a review on the current state of the technology from the perspectives of both product design and pharmaceutical development. Gene editing products, such as those involving the use of CRISPR-Cas9 or transcription activator-like effector nucleases (TALENs), are not covered in this review.

Ocular Application of Gene Therapy: Diseases, Delivery and Vector Design {#Sec2}
========================================================================

Ocular Diseases {#Sec3}
---------------

Over the last two decades, the underlying genetic factors contributing to disease pathology have been identified for a range of ocular diseases and have provided an opportunity to exploit the emerging field of gene therapy as a therapeutic approach. In particular, understanding of the genetics of inherited retinal diseases (IRDs) has grown dramatically ([@CR17]). Not only have disease-causing genes been identified for IRDs but specific variants associated with pathology have been mapped. These advances have not been limited to monogenetic ocular disorders, as a number of gene variants have been identified that are associated with susceptibility or resistance to polygenic diseases such as AMD ([@CR18]). Nor have they been limited to retinal diseases. For example, in glaucoma, many of the underlying genetic causes of hereditary forms of the disease have been identified ([@CR19]), and causal genetic mutations have been identified in multiple genes associated with Fuchs corneal dystrophy ([@CR20]).

### Inherited Retinal Diseases {#Sec4}

Genetic linkage analysis led to the identification of the first IRD genes, and the pace of discovery of disease genes and variants accelerated with the advent of DNA sequencing techniques including, most recently, next-generation sequencing ([@CR17],[@CR21]). Currently, at least 260 genes associated with these disorders have been recognized, with many others remaining to be documented ([@CR22]). Identification of these genes and their variants has also allowed the development of animal models of disease, which has not only increased our understanding of disease mechanism, but has also provided preclinical models to assess potential therapeutics, including gene therapy approaches ([@CR23]). Prior to the emergence of molecular genetics, IRDs were classified largely on the basis of clinical presentation, region of the retina affected, disease progression, and inheritance patterns. Although a unified classification system has not yet been established for IRDs, a clinical classification system was recently devised that includes higher-order grouping of IRDs based on similar genetic causes ([@CR24]). These categories are composed of photoreceptor diseases, macular diseases, and third branch disorders. The photoreceptor disease category includes diseases characterized by degeneration of rods and cones, and that can be broadly classified as either isolated or syndromic. The isolated diseases can be further subclassified based on whether they are acquired and progressive, as in the case of retinitis pigmentosa (RP) and cone and rod dystrophies, or congenital and stationary, as in the case of LCA or achromatopsia. Syndromic diseases include disorders affecting multiple organs such as Usher syndrome, which is characterized by hearing loss in addition to vision defects. RP is the most common subgroup of IRDs affecting photoreceptors and the retinal pigment epithelium (RPE), with an incidence of one in 3000--7000 individuals ([@CR25]). Mutations in more than 70 genes have been associated with RP ([@CR22]). The inherited macular dystrophies include disorders such as Stargardt disease and Best disease, which are characterized by central visual loss and atrophy of the macula and underlying RPE. The third branch disorders include choroidopathies such as choroideremia, retinoschisis such as XLRS, optic neuropathies such as LHON, and vitreoretinopathies such as Norrie disease ([@CR24]).

Across all categories of IRDs, the patterns of inheritance include autosomal recessive, autosomal dominant, and X-linked. Additionally, less common mitochondrial forms of retinal disease have also been identified. As gene therapy is essentially a gene augmentation or replacement therapy, and recessive and X-linked null mutations result in the absence of a functional protein, these types of genetic alterations are most amenable to gene therapy approaches. This fact is reflected in the choice of targets for most of the ongoing gene therapy clinical trials, which include trials of gene therapy for the autosomal recessive IRDs Stargardt disease and achromotopsia, X-linked diseases including XLRS, choroideremia, and X-linked RP, as well as the mitochondrial inherited disease LHON (Table [I](#Tab1){ref-type="table"}). Interestingly, Nightstar Therapeutics (London, UK) has a preclinical program for *BEST1* in Best vitelliform macular dystrophy, an autosomal dominant disease.

### Age-Related Macular Degeneration {#Sec5}

AMD is a complex multifactorial condition with both genetic and environmental factors contributing to disease pathogenesis. Genome-wide association studies have led to the identification of single-nucleotide polymorphisms (SNPs) associated with increased or decreased incidence of the disease ([@CR26]). Many of the SNPs occur in genes encoding components of the complement pathway ([@CR27]). However, the potential to exploit this increased understanding of AMD genetics in order to develop gene therapies has yet to be explored clinically. One approach that is currently being pursued is to target factors not necessarily genetically linked to, but known to be involved in, disease pathogenesis. In the case of neovascular AMD, the role of VEGF as a principal mediator of neovascularization is well established, a fact underscored by the success of anti-VEGF therapies in treating the disease ([@CR28]). Despite the availability of pharmacological treatments, gene therapy is an attractive approach because it offers the potential for a prolonged treatment effect, obviating the need for monthly intraocular injections. Consequently, a number of anti-VEGF gene therapy trials for AMD have been completed or are ongoing (Table [I](#Tab1){ref-type="table"}). Both Adverum Biotechnologies (Menlo Park, CA) and Sanofi Genzyme (Framingham, MA) completed phase I/II studies of AAV vectors expressing soluble fms-like tyrosine kinase-1 (sFlt-1), the soluble extracellular domain of VEGF receptor-1, which acts as a trap for VEGF. Both studies demonstrated the safety of AAV2-sFlt delivered either intravitreally or subretinally but showed limited efficacy ([@CR29],[@CR30]). Adverum Biotechnologies has since shifted focus and is now employing a next-generation AAV2 vector (AAV.7 m8) administered intravitreally to express the anti-VEGF molecules ranibizumab and aflibercept, the latter of which they plan on advancing into clinical trials. Similarly, RegenXBio Inc. (Rockville, MD) is currently conducting a phase I trial using an AAV8 vector delivered subretinally to express ranibizumab (Table [I](#Tab1){ref-type="table"}). Interestingly, iVeena (Salt Lake City, UT) has a preclinical stage anti-VEGF gene therapy, IVMED-50, an AAV vector that expresses Flt23k. This molecule consists of the VEGF-binding domains 2--3 of Flt-1 coupled to KDEL, a tetrapeptide that binds endoplasmic reticulum retention receptors. Flt23k binds intracellular VEGF and sequesters it in the endoplasmic reticulum, where it is eventually degraded. In addition to the anti-VEGF gene therapy strategies, other antiangiogenic targets currently are being explored for gene therapy, including a lentivirus expressing endostatin and angiostatin that is currently in phase I evaluation (Table [I](#Tab1){ref-type="table"}).

Routes of Administration {#Sec6}
------------------------

The success of gene therapy depends on efficient delivery of the genetic material to the target cells. Most gene defects associated with IRDs affect the development or function of photoreceptors and, to a lesser extent, cells of the RPE. Delivery of genes to these and other retinal cell types presents a challenge because there are physical barriers that need to be overcome regardless of the route of administration. In principle, ocular gene delivery can be performed via multiple routes including topical instillation, periocular routes, intracameral injection, intravitreal injection, subretinal injection, or suprachoroidal injection. In practice, the target cell type and the delivery system dictate the route of administration. Topical instillation, the least invasive route of administration, is also the least efficacious for non-viral delivery, as bioavailability of nucleic acids is generally low and penetration into the cornea and conjunctival epithelium is inefficient, limiting the utility of this approach for anterior segment diseases ([@CR31]). Similarly, periocular routes such as retrobulbar, subtenon, or subconjunctival injections have limited utility for non-viral delivery due to the inability of large molecular weight nucleic acids to penetrate ocular tissue ([@CR31]). However, viral delivery does not have these same limitations, as subconjunctival injections of AAV expressing antiangiogenics have shown efficacy in inhibiting corneal neovascularization in animal models ([@CR32],[@CR33]). The intracameral space is another potential route to target anterior segment tissues with nucleic acids, albeit an inefficient one ([@CR31]). In contrast, adenovirus delivery into the intracameral space has been used to successfully deliver a metalloproteinase gene into cells of the trabecular meshwork to control intraocular pressure in an animal model ([@CR34]).

Intravitreal and subretinal injections are the two most common routes of administration for viral-based gene therapy for retinal diseases. Intravitreal injection is an accepted and relatively safe route of administration. It is the preferred route for targeting the retinal ganglion cells for the treatment of diseases like LHON but can also be used to target photoreceptors and the RPE. Although intravitreal delivery appears to be a direct path to the retina, there are anatomical barriers that prevent diffusion of viruses into the retina, most notably the inner limiting membrane ([@CR35]). Strategies to enhance transduction of AAV following intravitreal administration include mild enzymatic digestion or surgical peeling of the inner limiting membrane ([@CR35],[@CR36]). Additionally, second-generation AAV vectors are being designed to overcome these anatomical barriers (see the discussion of AAV vectors below). In contrast to intravitreal administration, subretinal injection of AAV is more invasive, with a risk of damage to the retinal tissue. Potential complications from the procedure include macular holes, subretinal hemorrhage, subretinal fibrosis, and retinal detachment. However, subretinal administration provides the most direct access to photoreceptors and the RPE. Although the spread of virus beyond the bleb formed at the injection site is limited ([@CR37]), in most cases this is acceptable if the bleb is in the macular region where rescue or maintenance of visual function is most critical. In fact, the first approved ocular gene therapy, voretigene neparvovec-rzyl, is administered subretinally to treat LCA2 ([@CR14]). Suprachoroidal administration involves delivery into a space between the sclera and the choroid and offers a less invasive alternative to subretinal injections. Although experience with this route of administration is limited, one animal study report has demonstrated the potential safety and efficacy of suprachoroidal delivery of AAV to the retina ([@CR38]).

Vector Considerations for Gene Delivery {#Sec7}
---------------------------------------

Several different non-viral and viral-based vector systems have been employed for gene therapy, including liposomes and nanoparticles, AAV, lentivirus, and adenovirus. A comparison of the characteristics of the various delivery systems for gene therapy is presented in Table [II](#Tab2){ref-type="table"}.Table IISummary of Gene Delivery Systems: General Characteristics, Benefits and LimitationsGene Delivery VectorsCharacteristicsBenefitsLimitationsAdeno-associated Viral VectorsSingle-stranded DNA genome\
Derived from replication-defective parvovirus\
Vector DNA remains episomal in cells\
13 Serotypes identified in primatesNon-pathogenic, nonintegrating vectors\
Long-term transgene expression achievableCannot package more than \~4.5 kb of transgene DNA\
Long-term expression limited to post-mitotic cells\
High incidence of pre-existing immunity to AAV in humansLentivirus VectorsSingle-stranded RNA genome\
Vector DNA integrates into genomeCan accommodate transgenes up to 10 kb\
Genomic integration allows for sustained transgene expression in dividing cells\
Low immunogenicityLow production yields\
Semi-random genomic integration pattern increases risk for insertional mutagenesisAdenoviral VectorsDouble-stranded DNA genome\
Vector DNA remains episomal in cells\
More than 50 human serotypes identified; most utilized for gene therapy is Ad5Large transgene capacity up to 37 kb\
High transduction efficiency of both dividing and non-dividing cellsCan elicit strong antiviral immune response\
Long-term expression limited to post-mitotic cellsNon-viral Gene DeliveryComprises a variety of approaches including liposome and polymer-based nanoparticle carriers as well as physical methods like electroporation and iontophoresisLower risk for immunogenicity and insertional mutagenesis compared with the viral vectors^.^Lower transfection efficiency than viral vectors\
Lack of persistent gene expression in cells limits duration of effect

### Non-viral Delivery Systems {#Sec8}

Non-viral approaches are currently being explored for ocular delivery as they offer some advantages over viral vectors, including a potentially more favorable safety profile because of a lower risk for immunogenicity or insertional mutagenesis, as well as the ability to deliver large DNA fragments. Here we highlight a few key approaches currently being explored. For more extensive reviews of non-viral vectors for gene therapy see Bloquel *et al*. ([@CR31]) and Ramamoorth and Narvekar ([@CR39]). The most notable strategies include lipid-based and polymer-based carriers. The challenge for non-viral delivery remains the requirement to overcome physical barriers present in the eye. Liposomes comprise amphiphilic molecules such as phospholipids and cholesterol. Inclusion of positively charged or titratable components can promote complexation with negatively charged DNA. As cellular membranes are composed of a phospholipid bilayer, liposomes can be designed to fuse with and overcome the cell membrane barrier. Indeed, liposomes can mediate uptake into RPE cells following subretinal injection ([@CR40]). Solid lipid nanoparticles composed of an aqueous dispersion of a layer of surfactants surrounding a solid lipid core, and ranging in size from 50 to 1000 nm ([@CR16]), are another vehicle that is being explored. Subretinal injections of solid lipid nanoparticles have resulted in transfection of RPE cells *in vivo* ([@CR41]). Bioerodible polymers such as polyethyleneimine, polyesters like poly(lactic acid) (PLA) and poly(lactic-*co*-glycolic acid) (PLGA), chitosan, and hyaluronic acid have also been investigated for gene therapy ([@CR16]). However, polyethyleneimine-based polymers have not shown efficient delivery to the retina following intravitreal injection ([@CR42]). In contrast, internalization of PLA and PLGA nanoparticles by RPE cells *in vitro* has been demonstrated ([@CR43]). Additionally, *in vivo* experiments have established that PLA nanoparticles are well tolerated and can cross the retina following intravitreal administration, with a preferential localization to RPE cells ([@CR44]). Electro-transfection is an additional non-viral approach that has entered clinical development. Eyevensys (Paris, France) has developed the EyeCET platform, which involves injection of plasmid DNA into the ciliary muscle in conjunction with electrotransfection to enable production of therapeutic proteins *in vivo*.

### Lentivirus {#Sec9}

Lentiviruses are single-stranded RNA vectors that can infect both dividing and non-dividing cells. Because lentiviruses integrate their DNA into the chromosome of target cells, they can mediate sustained transgene expression even in dividing cells. Lentiviruses can overcome a major limitation of AAV vectors: the limited packaging capacity of \~4.8 kilobase (kb), with the practical limit often lower because of the need to include appropriate regulatory elements in the transgene cassette. In contrast, lentiviruses can accommodate transgenes in the range of 9--10 kb ([@CR45]). Lentiviruses can effectively transduce RPE cells but not photoreceptors ([@CR46],[@CR47]). Although insertional mutagenesis remains a concern with lentivirus, several approaches are being utilized to address this liability. For example, inactivation of the 3′ long terminal repeat generates self-inactivating vectors ([@CR48]). Additionally, non-integrating vectors have been developed and shown to facilitate efficient sustained transgene expression in RPE for 8 weeks in a rodent model ([@CR49]). Though less popular than AAV, clinical trials employing the use of lentivirus-mediated gene delivery are ongoing (Table [I](#Tab1){ref-type="table"}).

### Adenovirus {#Sec10}

Adenoviruses are double-stranded DNA vectors that can efficiently transduce both dividing and non-dividing cells. Adenovirus offers advantages over other viral vectors, including the ability to package large payloads of up to 37 kb ([@CR45]). Moreover, as adenovirus remains episomal, there is minimal risk for insertional mutagenesis ([@CR45]). There are more than 50 different adenovirus serotypes with different tropisms. Serotypes Ad5 and Ad2 vectors can transduce RPE and, to a lesser extent, photoreceptors ([@CR45]). Ad5 serves as the basis for many current adenovirus gene therapy vectors. Both the tyrosine-protein kinase Mer and RPE65 have been expressed in RPE using Ad5 delivered subretinally and were shown to rescue function in animal models ([@CR50],[@CR51]). Additionally, data from a phase I clinical trial using Ad5 intravitreally to deliver pigment epithelium-derived factor for neovascular AMD demonstrated safety and some evidence of a sustained therapeutic effect ([@CR52]). One potential downside of the use of adenovirus is that it can induce immune responses that can limit transgene expression, even in the subretinal space ([@CR45]). Cytotoxic T-cells have been shown to remove transduced cells expressing adenovirus proteins ([@CR53]). Newer helper-dependent adenovirus vectors containing only the inverted terminal repeats and the packaging recognition signal, along with the transgene, have been developed that allow for long-term transgene expression ([@CR54]).

### Adeno-Associated Virus Vectors {#Sec11}

AAV has emerged as the predominant vector for ocular gene therapy ([@CR6]). AAV is a small (25-nm), non-enveloped virus belonging to the Parvoviridae family that offers a number of advantages as a delivery system, including favorable retinal cell transduction properties ([@CR55]). Additionally, because AAV requires a helper virus for replication, it is generally considered to be non-pathogenic and, once a cell is transduced, it remains episomal, reducing the potential for genomic integration events. There are 12 different AAV serotypes that have been identified in primates to date, many of which are commonly used in gene therapy studies. The various AAV serotypes differ in their capsid components and thus display differential cellular tropism, transduction efficiency and immunogenicity. AAV1, 2, 4, 5, 6, 7, 8 and 9 all display tropism for retinal tissue ([@CR56]--[@CR58]). However, whereas all of these serotypes efficiently transduce RPE, transduction of photoreceptors is variable ([@CR45]).

The AAV genome is packaged within an icosahedral capsid containing three open reading frames (ORFs) flanked by inverted terminal repeats. The rep ORF encodes for four proteins (Rep40, Rep52, Rep68, and Rep78) required for viral replication, transcriptional regulation, genome integration, and virion assembly. The cap ORF encodes three structural proteins, VP1, VP2, and VP3, which comprise the 60-subunit AAV capsid and assemble in icosahedral geometry to encapsulate the viral genome (Fig. [1](#Fig1){ref-type="fig"}). The three capsid proteins contain a common β-barrel domain but different N-terminal extensions ([@CR59]). Variable loops create specific surface topologies for each AAV variant that mediate the molecular interactions responsible for cell association, entry, and immunological properties. Following initial binding to cell surface glycans (e.g., heparin sulfate, N-linked sialic acids, galactose, etc.), the entry of AAV into target cells is mediated by interactions with co-receptors such as fibroblast growth factor receptor, epidermal growth factor receptor, and platelet-derived growth factor receptor. Recombinant AAV (rAAV) vectors have been designed for gene therapy by replacing the rep and cap genes with the transgene cassette. The rep and cap ORFs are then provided in trans during AAV production using helper plasmids. rAAV2, the first serotype to be successfully used for gene transfer, efficiently transduces RPE and retinal ganglion cells but is less efficient in transducing photoreceptors ([@CR47],[@CR60],[@CR61]). Importantly, capsid proteins can be exchanged among various AAV serotypes. Transient transfection of the different vector components in trans allows for exchange of capsids between different serotypes resulting in hybrid or "pseudotyped" AAV vectors ([@CR62]). For example, many recombinant vectors in use today are composed of components of the AAV2 serotype combined with the capsids of AAV1 (AAV2/1), AAV4 (AAV2/4), AAV5 (AAV2/5), AAV6 (AAV2/6), AAV7 (AAV2/7), AAV8 (AAV2/8) and AAV9 (AAV2/9). Apart from helping to achieve the desired tropism and enhancing transduction efficiency, pseudotyping can also help circumvent pre-existing immunity to certain AAV serotypes that could affect the efficacy and potentially the safety of a gene therapy. For example, depending on geographic region, 30--60% of humans have neutralizing antibodies to AAV2, which have the potential to inhibit cell transduction ([@CR63]). All AAV pseudotypes transduce RPE, with AAV2/1, AAV2/4, and AAV2/6 being the most specific ([@CR45]). In contrast, only AAV2/5, AAV2/7, AAV2/8, and AAV2/9 efficiently transduce photoreceptors, with AAV2/8 and AAV2/9 being most efficient across a number of species ([@CR47],[@CR56],[@CR61],[@CR64]--[@CR67]). AAV2/5, AAV2/8, and AAV2/9 transduce the highest percentage of cone photoreceptors ([@CR61],[@CR66],[@CR68]--[@CR70]).Fig. 1Adeno-associated virus serotype 1 (AAV1) structure. (**a**) Crystal structure of AAV1 capsid VP3 monomer (PDB ID, 3NG9). The β-strands are shown in purple ribbon, the conserved α-helix A is in red, and loops between the strands are in yellow. The dotted lines show the relative positions of the 5-fold (filled pentagon), 3-fold (filled triangle), and 2-fold (filled oval) interfaces of symmetry from the center of the capsid. An eight-stranded β-barrel (with β-sheets βCHEF and βBIDG), along with βA (labeled) and α-helix A (αA), forms the core of the VP monomer structure, flanked by large loop regions. The DE and HI loops (between β-strands D and E and between H and I, respectively) as well as the first ordered N-terminal residue (218), the C-terminus, and the interior and exterior capsid surfaces are labeled. (**b**) Radially color-cued (from capsid center to surface, blue to green to yellow to red) surface representation of the AAV1 capsid. The white triangle depicts a viral asymmetric unit bounded by one 5-fold axis and two 3-fold axes with a 2-fold axis between them. The approximate locations of the icosahedral 2-fold (2F), 3F, and 5F axes are indicated by the black arrows. The positions of the DE and HI loops are indicated by the dashed arrows. *Reproduced from Venkatakrishnan et al*. *J Virol. 2013;87:4974--84. doi* 10.1128/JVI.02524-12 ([@CR102]) *with permission from American Society for Microbiology. © 2013.*

Recently, the array of AAV vectors has been expanded beyond naturally occurring serotypes as second-generation vectors have been designed or isolated that have greater transduction efficiency or altered tropism. Two different approaches have been used to generate these new vectors: rational design and directed evolution. Rational design leverages knowledge of structure/function relationships to modify the virus capsid structure, for example by introducing mutations to reduce proteasomal degradation or to eliminate antibody-binding epitopes, or by incorporating new ligands as a means to redirect vector tropism ([@CR71]). Variants have been generated by site-directed mutagenesis of surface-exposed tyrosine residues on AAV2, which prevents capsid phosphorylation and subsequent ubiquitination and proteasome-mediated degradation ([@CR72]). This in turn leads to enhanced nuclear transport and increased transgene expression ([@CR72]). AAV2, AAV8, and AAV9 carrying these mutations have been shown to have increased transduction efficiency both *in vitro* and *in vivo* ([@CR72],[@CR73]). Additionally, these mutations have the potential to reduce major histocompatibility complex class 1 presentation of capsid antigens because of reduced proteasomal degradation of proteins ([@CR74]).

The directed evolution approach assumes no prior knowledge of structure/function relationships, but rather relies on the introduction of random genetic diversity, in conjunction with selection pressure, to accumulate mutations that achieve the targeted improvement in a process mimicking natural evolution. AAV libraries are generated by random mutagenesis of the capsids and then screened *in vivo* for transduction efficiency or specificity. This approach has been leveraged to generate novel AAV vectors that can more effectively cross biological barriers and target specific cell types. An example is the identification of the AAV.7m8 variant which, following intravitreal injection, is capable of efficient gene delivery to all retina layers in both mice and primates ([@CR75]). Similarly, SH10, an AAV6 variant, has increased tropism for glial cells following intravitreal delivery and has been shown to rescue retinal function in a rat model of RP ([@CR76],[@CR77]).

Another strategy to achieve cell specificity is the use of cell type--specific promoters. Most gene therapy studies employ the use of strong ubiquitous promoters such as the cytomegalovirus or the chimeric chicken β-actin/cytomegalovirus enhancer/promoter ([@CR55]). However, in some cases it may be desirable to limit expression to the target cell type to prevent unwanted side effects. For example, in the case of a gene editing approach, limiting expression of the Cas nuclease to the target cells reduces the risks associated with potential off-target editing events. Most gene therapies for IRDs are designed to target defects in either photoreceptors or the RPE. The rhodopsin kinase 1 and interphotoreceptor retinoid binding protein promoters can drive expression of transgenes in both cone and rod photoreceptors ([@CR78],[@CR79]). For rod-specific expression, the rhodopsin promoter has been employed ([@CR64],[@CR80]), while cone photoreceptor--specific expression can be achieved using cone arrestin, blue opsin, or red/green opsin promoters ([@CR68],[@CR81]--[@CR83]). Similarly, RPE-specific expression has been demonstrated using the *RPE65* or *VMD2* promoter ([@CR84],[@CR85]), and specific expression can be achieved in ON-bipolar cells and Müller cells using cell type--specific promoters ([@CR86]--[@CR88]).

Development of Ocular Gene Therapy Products {#Sec12}
===========================================

Manufacturing Aspects: Production and Purification of Adeno Associated Viruses {#Sec13}
------------------------------------------------------------------------------

Large-scale AAV manufacturing protocols for clinical use must consistently provide product that is safe and efficacious yet at a cost per dose that is acceptable to healthcare providers. The manufacturing requirement is for robust removal of product- and process-related impurities to meet agreed product specifications while retaining high recovery and titer of infectious AAV viruses.

Production of AAV vectors has been reviewed in detail by Ayuso *et al*. ([@CR89]) and is briefly summarized here. Transient transfection protocols have been used for production of clinical-grade AAV in HEK293 human embryonic kidney cells and involve the co-transfection of three plasmids, one containing the expression cassette for the transgene, a second encoding the AAV regulatory and structural/capsid proteins, and a third that provides the viral helper functions essential for AAV replication. Alternatively, a packaging cell line can be constructed in which the genes encoding the AAV regulatory and structural/capsid proteins are integrated into the cell genome. To initiate AAV production, co-infection with a helper virus and a virus carrying the vector genome is required. Finally, a producer cell line can be used in which the transgene and the genes encoding the AAV regulatory and structural/capsid proteins are integrated into the cell genome. With producer cells, infection with only a helper virus such as Ad5 is required to initiate AAV production. Each of these approaches results in different challenges for purification.

With the transient transfection approach, each of the three different plasmids must be removed from the product, whereas use of a producer or packaging cell line introduces a helper and/or a vector-carrying virus that must be separated from the AAV product. The purification strategy will thus differ with the virus production approach that is adopted. The following discussion of process and product impurity issues assumes use of the transient expression process.

Process-related impurities arise from the manufacturing process. As with many cell-derived biotherapeutics the principal process-related impurities that contaminate the product stream are host cell proteins (HCPs), proteins from any serum- or other animal-derived products in the cell culture media, nucleic acids from host cells, and, in the case of AAV, non-transfected plasmid ([@CR90]). HCPs and host cell nucleic acids are particularly an issue for AAV production since lysis of the producer cells is required to release AAV. These impurities, though, can generally be reduced to an acceptably low level during downstream processing. Another product-related concern arises from the possibility that the cell line may harbor adventitious agents that accumulate with the AAV product ([@CR91]). Mitigation of this risk depends largely upon cell line characterization and validation during cell line development.

Product-related impurities arise from the physicochemical characteristics of the AAV product. They include empty AAV capsids that lack the viral genome and hence provide no therapeutic benefit while increasing the load of potentially immunogenic viral protein in the formulated product ([@CR92]). AAV encapsidation of host cell nucleotides may also occur ([@CR90]). These impurities all derive from the cell culture stage of manufacturing.

Aggregates of AAV viruses, an additional product-related impurity, are also undesirable as they reduce viral titer and hence product efficacy while also increasing the load of potentially immunogenic viral protein ([@CR90]). Aggregates may be formed at multiple points in the manufacturing and purification processes and during subsequent formulation and storage. It is also conceivable that damage or oxidation of capsid proteins by inappropriate downstream processing conditions, at any stage in the process, might also impair the virus infection efficiency.

A general strategy for downstream purification of AAV that aims to mitigate these various impurity risks includes:Centrifugation and cell lysis: Cells are concentrated into a slurry by centrifugation and then lysed to release viruses by mechanical stress, hypertonic shock, or freeze-thaw procedures. Processing conditions targeted at the optimal release of viruses inevitably result in substantial contamination by HCPs and nucleic acids and may also cause damage to virions. Controls would thus include assays of infectious and viral particle titer, HCPs, and host cell and total DNA.Nucleic acid removal: To ensure a low level of nucleic acid contaminants, the lysate is digested with an endonuclease, commonly Benzonase® (Millipore Sigma; Burlington, MA). Additionally, evidence suggests that nucleic acids can mediate virus aggregation ([@CR93]), presumably by bridging between cationic virions, and this effect is reduced by nuclease digestion. Nucleic acid material from host cells or plasmids that is encapsidated within AAV particles will be resistant to enzymatic digestion. Again, controls would include assays of infectious and viral particle titer (from which the ratio of full to empty virions can be calculated), HCPs, and host cell and total DNA.Solids removal: Centrifugation or microfiltration to remove cell fragments and debris prior to chromatographic purification.Affinity chromatography: Removal of HCPs and any serum protein impurities is efficiently achieved by affinity chromatography. Clinical preparations of AAV2 have been produced with heparin affinity chromatography using elution at elevated ionic strength ([@CR94],[@CR95]). A wide range of AAV serotypes have been shown to be capable of affinity purification using AVB-Sepharose High Performance (GE Healthcare; Chicago, IL) ([@CR96]), an adsorbent that is functionalized with single-domain antibody fragments that bind a commonly occurring epitope on the outer surface of the AAV capsid with high selectivity. Elution is conducted at low pH, and eluates must be neutralized promptly after collection as AAV is labile under highly acidic conditions. Infectious and viral particle titer, HCPs, and host cell and total DNA would be assayed, as well as the level of AAV aggregates.Ion-exchange chromatography: Formerly, the separation of genome-containing infectious AAV viruses from empty, non-infectious capsids was conducted by cesium chloride gradient ultracentrifugation. More recently, anion exchange chromatography has been shown to be able to separate full and empty capsids based on differences in electrical charge between the two particles due to the presence or absence of the viral genome ([@CR97]). Elution is conducted with a high ionic strength buffer, which may also serve to reduce rates of virus aggregation. Infectious and viral particle titer, aggregates, HCPs, and host cell and total DNA would be assayed.Final polishing: Product stream polishing to further reduce levels of HCPs or other low molecular weight contaminants can be conducted using core-bead adsorbents. These adsorbents have a ligand-functionalized core to bind low molecular weight residual contaminants and exclude viruses with an outer shell that does not allow their passage.

Although this strategy reduces most process- and product-related impurities to clinically acceptable levels, it contains no specific step to remove AAV aggregates. Some level of aggregate clearance might arise from the affinity and ion-exchange chromatography stages due to differential rates of adsorption, but aggregates may reform during formulation and storage.

Formulation Strategies {#Sec14}
----------------------

The majority of biological drug products (DPs), including gene therapy drugs, are administered by injection. For any injectable, a ready-to-use liquid formulation is usually the preferred dosage form because it is easier to manufacture compared with all other dosage forms and convenient from the end-user point of view. However, many biologics are not stable in an aqueous environment even under refrigeration and so are commonly stabilized by either drying (freeze-drying or occasionally spray- or vacuum-drying) or by freezing. In addition, various excipients (inactive ingredients) are commonly used to minimize degradation during freezing/storage/thawing and freeze-drying/storage/reconstitution. A typical biological DP contains several excipients, including a buffer, lyo/cryo protector, tonicity agent, and surfactant ([@CR98],[@CR99]). Formulation development usually starts with identification of the pH associated with maximal stability and selection of a buffer with an adequate buffering capacity in the target pH range. Common advice for formulating proteins includes avoiding a pH close to the isoelectric point of a particular active ingredient and minimization of ionic strength. However, AAV formulations could require use of a higher ionic strength in order to prevent aggregation, as discussed below.

Potential pH changes during freezing should also be taken into consideration. There are three common mechanisms of freeze-induced pH changes, including crystallization of the buffer components, as commonly observed with sodium phosphate buffer; temperature dependence of pH; and change in the apparent acid dissociation constant (pKa) as a result of a decrease in the polarity of the amorphous (liquid) phase due to freeze-concentration. The low-temperature behavior of pharmaceutically relevant buffers, impact of other solutes on the pH of frozen systems, and recommendations for buffer selection are all reviewed in Wu *et al*. ([@CR100]). Polyhydroxy compounds, such as carbohydrates and sugar alcohols, are usually used as lyo/cryo protectors, with trehalose, sucrose, and sorbitol representing the most common choices. Non-ionic surfactants, e.g. polysorbate or a poloxamer, are also commonly included in the formulation to minimize stresses due to exposure to different surfaces during manufacturing and to improve protein recovery at the point of use. This section is focused on AAV-based products, although general principles are applicable to other virus-based gene delivery systems.

Gene delivery products are typically stored as frozen solutions. DP design for AAV is similar to that of other biologics, with the majority of formulations containing buffer, tonicity agent, cryoprotector, and surfactant. Although the purity of a vector is mainly controlled during DS manufacture ([@CR90]), the DP production and storage can have an impact on the potency and also introduce undesirable modified species of AAV, including aggregates, oxidized virus particles, and other degraded species. Impurities represent potential immunotoxicity risks, while aggregates could also impact biodistribution and cause inconsistency in the *in vivo* functional activity of the AAV, as discussed by Wright *et al*. ([@CR93]). It was suggested, for example, that delivery of an AAV vector to hepatocytes would require vector particles to pass through the endothelial lining of hepatic sinusoids to reach target hepatocytes. Considering that the endothelial cell lining contains intercellular gaps of 0.1--1 μm, passage of aggregated AAV particles could be inhibited. The majority of the discussions in the literature on DP-related impurities are focused on virus aggregation. Some of the techniques used to study the aggregation of AAV are discussed below under Properties and Characterization of Vectors.

Many biologics are sensitive to pH, and relationships between solution pH and stability (the pH stability profile) are usually established during preformulation/early formulation development in order to identify the pH range associated with maximal stability. Stability of AAV during freeze-thaw was reported to be dependent on the pH of the frozen solution (when freezing-induced pH changes are taken into consideration), with stability improved when the pH was increased from 4 to 7 (Fig. [2](#Fig2){ref-type="fig"}) ([@CR101]). Structural changes in the AAV capsid related to pH were also reported. According to Venkatakrishnan *et al*. ([@CR102]), the α-helical structure of VP1u (a unique 137--amino acid N-terminal region of VP1) in AAV1 and AAV6 was gradually lost when pH was decreased from 7.5 to 4.0; this structural change was reversed when pH was increased back to 7.5. The VP3 common region was unperturbed by pH changes. Furthermore, capsid integrity was maintained in the entire pH range of 7.5 to 4, based on negative-stain electron microscopy. We note that although the pH-induced partial unfolding of VP1u capsid protein is reversible, it is possible that the unfolded regions could be prone to hydrophobic aggregation. This would be consistent with the observed pH trend in the freeze-thaw stability of AAV (Fig. [2](#Fig2){ref-type="fig"}). Note however that an opposite pH trend was reported for solubility of AAV2 (concentration approximately 0.1 mg/mL), with solubility monotonically increasing with the decrease in pH from 10 to 4.5 ([@CR103]).Fig. 2Adeno-associated virus (AAV) stability with respect to final frozen pH (correlation coefficient, r^2^ = 0.97). *Lfu represents lac-forming unit. Reprinted by permission from Springer Nature: Springer Publishing Company, Gene Therapy. Croyle MA, Cheng X, Wilson JM. Development of formulations that enhance physical stability of viral vectors for gene therapy*. *© 2001. 2001* ([@CR101]).

The impact of ionic strength on AAV aggregation was studied by Wright *et al*. ([@CR93]) using the "dilution-stress" method. In that study, highly concentrated AAV samples were diluted with different excipients, and aggregation of the diluted samples was measured by dynamic light scattering. Charged excipients (inorganic salts and amino acids) were found to prevent aggregation. The inhibition of AAV aggregation by ionic excipients depends on their type and concentration, with multi-charged salts being effective at concentrations corresponding to 180--220 mOsm *versus* 300--320 mOsm for NaCl and amino acids. It was further shown that the inhibition of AAV aggregation by salts was related to the ionic strength of the solution rather than the osmolarity (Fig. [3](#Fig3){ref-type="fig"}). Figure [3](#Fig3){ref-type="fig"}a and b show particle sizes (by dynamic light scattering) for the same formulations (same Y axis) but plotted as a function of osmolarity in Fig. [3](#Fig3){ref-type="fig"}a and as a function of ionic strength in Fig. [3](#Fig3){ref-type="fig"}b and c. There are no correlations between osmolarity and virus aggregation, whereas the relationship between ionic strength and particle size (which reflects aggregation) is obvious. An important conclusion from this study was that multivalent salts require lower concentrations and osmolarity than monovalent salts such as NaCl to prevent aggregation of AAV (e.g.*,* magnesium sulfate at \~200 mOsm was as effective as 350 mOsm of NaCl in stabilization of AAV against aggregation). Improvement in solubility by Mg^2+^ (20 mM) was also reported (pH 4.5 to 7.5) ([@CR103]); however, no improvement in solubility with a multi-charge anion (citrate^3−^) was observed.Fig. 3Dependence of adeno-associated virus serotype 2 (AAV2) vector aggregation on osmolarity (**a**), ionic strength (**b**), and purification method (**c**). The average particle radius of the AAV2-FIX vector was measured by dynamic light scattering following vector dilution in varying concentrations of excipients buffered with 10 mM sodium phosphate, pH 7.5. (**a**, **b**) Filled circles: sodium chloride; open circles: sodium citrate; filled squares: sodium phosphate; open squares: sodium sulfate; inverted filled squares: magnesium sulfate; open diamonds: glycerol. Vector was purified by method 3 (chromatography plus CsCl gradient). (**c**) The vector was purified by one of three different methods as the ionic strength was adjusted with NaCl. + symbols: method 1 (double CsCl gradient); open triangles: method 2 (cation exchange chromatography); filled triangles: method 2 plus nuclease digestion; x symbols: method 3. *Republished from Wright et al*. ([@CR93]) *under the terms of the CC BY-NC-ND 4.0 license (*[*http://creativecommons.org/licenses/by-nc-nd/4.0/*](http://creativecommons.org/licenses/by-nc-nd/4.0/)*).*

The AAV purification method also was observed to have a significant effect on aggregate formation, as illustrated in Fig. [3](#Fig3){ref-type="fig"}c ([@CR93]). Removal of DNA impurities by treatment with nuclease resulted in reduction in aggregation even at lower ionic strength. These results point to electrostatic attraction as the main driving force for the aggregation observed, in which DNA is sorbed on the virus capsid particle. DNA and the capsid proteins have different acid dissociation constants, and the difference in charges creates electrostatic attraction and ionic bridges between the sorbed DNA and the DNA-free part of another virus particle.

Non-ionic surfactants (Pluronic® F68 \[(BASF, Mount Olive, NJ, USA\] and polysorbate PS80) and polyhydroxy compounds were ineffective in the prevention of the aggregation, at least at the concentrations studied ([@CR93]). Maximal concentrations tested were 10% w/v, 1% w/v, and 5% w/v for F68, PS80, and polyhydroxy compounds (glycerol, mannitol, sorbitol, sucrose, trehalose), respectively. In other reports, however, non-ionic excipients were found to be somewhat more effective in stabilization of AAV against aggregation. For example, prevention of AAV aggregation by 25% glycerol was reported ([@CR103]), although such a high concentration is not practical in a DP. In addition, a lower concentration of glycerol (3%) was found to be sufficient to eliminate AAV aggregation on a solid surface ([@CR104]). Also, it was reported that a non-ionic surfactant (beta-octyl glucopyranoside at 0.01--0.5%, below the critical micelle concentration) reduced aggregation ([@CR103]).

AAV DP manufacture employs standard steps that are used for all parenteral products. The typical manufacturing process for an injectable product includes sterilizing filtration with a 0.22-μm filter, aseptic filling into a sterile container (usually glass or plastic sterile vials), sealing with a rubber stopper, and crimping with an aluminum shell. As with any product with a low concentration of an active ingredient (a typical concentration range for AAV is approximately 0.01--0.1 mg/mL, corresponding to 1E12 to 1E13 vg/mL), there is a risk of losing the active ingredient due to its sorption on different surfaces. Indeed, significant (30--40%) losses of AAV were reported during filtration, although the losses were minimized with formulation optimization ([@CR93]). Furthermore, Xie *et al*. ([@CR103]) reported major (up to 80%) losses of AAV during centrifugal concentration because of sorption of the virus on the membrane. Use of polyethylene glycol (12--20 kDa) at 5--20% reduced losses to 30%, whereas a high concentration of glycerol (up to 25%) further minimized sorption.

Significant losses of virus were also observed under simulated in-use conditions. As shown in Fig. [4](#Fig4){ref-type="fig"}, up to 80% of AAV was lost after passing through different delivery devices when formulations without a surfactant were used ([@CR105]). Remarkably, a formulation with the surfactant Pluronic F68 (0.001%) showed essentially 100% preservation of the virus. In addition, Sommer *et al*. ([@CR106]) reported that the addition of polysorbate 80 or Pluronic F68 at concentrations of 0.01 and 0.001%, respectively, could prevent losses of the vector.Fig. 4Recovery of adeno-associated virus serotype 2 (AAV2) following dilution and passage through the administration device. Stock AAV2-RPE65 vector diluted to 1×10^11^ vg/mL in phosphate-buffered saline with (+PF68) or with (−PF68). Pluronic 68 0.001% was drawn into 1-mL syringes, and the vector was passed through device A, B, or C. *Republished from Bennicelli et al*. ([@CR105]) *under the terms of the CC BY-NC-ND 4.0 license (*[*http://creativecommons.org/licenses/by-nc-nd/4.0/*](http://creativecommons.org/licenses/by-nc-nd/4.0/)*).*

In a typical DP manufacturing process, an AAV formulation can be exposed to freeze-thaw (e.g., when the DS is stored in the frozen state and is thawed in preparation of the DP production), and short-term storage is in the liquid state. Freeze-thaw and storage at 5°C was shown to cause AAV aggregation, although the effect was formulation-dependent ([@CR93]). In the best formulation studied, no aggregation was observed after 5 days at 5°C and after one freeze-thaw cycle (−80°C), while aggregation was observed after five freeze-thaw cycles ([@CR93]). It should be noted that AAV freeze-thaw stability can be impacted by freeze-induced pH changes; the pH changes depend on the type and concentration of buffer and the presence of other excipients ([@CR100]).

Finished AAV DP is usually stored as a frozen solution. Although a more convenient temperature range for frozen storage is −15 to −25°C, keeping water-based biologics under these conditions may represent a significant stability risk. Aqueous biopharmaceuticals (including AAV formulations) are not completely frozen at −15 to −25°C. They usually consist of at least two phases, ice and freeze-concentrated solution ([@CR107]). The freeze-concentrated solution, which contains all the solutes, an active ingredient (e.g., AAV2), and unfrozen water, is squeezed between ice crystals. This freeze-concentrated solution is indeed liquid at −20°C and solidifies (forming a glassy state) below its corresponding glass transition temperature. In a typical biological system, the glass transition temperature of the freeze-concentrate is −35 to −50°C, or even lower. There are multiple destabilization mechanisms associated with −20°C storage, such as greatly increased concentrations of all ingredients, which could lead to acceleration of bimolecular (e.g., aggregation) processes, pH changes, an increase in oxygen concentration, an extensive ice/solution interface, and crystallization of a cryoprotector. Many cases of chemical and physical instability in partially frozen systems have been reported in the literature ([@CR108]--[@CR116]). An additional example of major destabilization of an investigational protein drug is provided in Fig. [5](#Fig5){ref-type="fig"}, showing \~40% loss of potency after 3 months at −20°C. Overall, storage at lower temperatures, e.g., below −65°C, should be used for aqueous gene therapy products as a default.Fig. 5Potency of liquid formulation for an investigational protein drug product during storage at different temperatures (data from EY Shalaev, "Role of Ice in Destabilization of Proteins", presented at the AAPS National Biotechnology Conference, Boston, MA, May 18, 2016).

While AAV DP can be quite stable in the frozen state, shipping and storage of frozen biologics could present some practical challenges. Therefore, AAV formulations that are stable above 0°C are desirable. There have been some efforts to evaluate freeze-drying as well as long-term storage of liquid AAV formulations. The impact of freeze-drying on AAV was studied by Croyle *et al*. ([@CR101]). Some loss of titer (0.3 log) was observed after lyophilization of AAV formulations with phosphate potassium buffer, as well as with a formulation containing 0.4% sucrose, 0.4% mannitol, and protamine. The latter formulation was stable after storage for 3 months at 25°C. Interestingly, a liquid formulation of the same virus with a similar composition (0.4% sucrose, 0.4% mannitol, 0.001% sorbitan monolaurate \[Span 20\], and 0.1% protamine) was also quite stable, with only 0.1 log titer loss after 6 months at both 4° and 25°C. Similar long-term liquid stability was also reported by Wright *et al*. ([@CR117]), where AAV vector in neutral phosphate buffered saline with 5% sorbitol and 0.1% polysorbate 80 showed no significant loss of transduction activity after 1 year at 2--8°C. On the other hand, up to 40% loss in transgene expression after 7 weeks at 4°C was observed for AAV1 virus diluted in phosphate-buffered saline containing 0.5 mM of MgCl~2~ ([@CR118]).

Properties and Characterization of Vectors {#Sec15}
------------------------------------------

Gene therapy products represent a novel and complex class of pharmaceutical products that require sophisticated technical and scientific assessment during the drug development. To ensure the products' safety, integrity, potency, and purity, the application of key advanced characterization technologies is essential to assess the quality of all components (i.e., vectors, reagents, excipients) used for manufacturing of the final product formulation. The Center for Biologics Evaluation and Research at the FDA has implemented a stepwise approach to product characterization in compliance with current Good Manufacturing Practice (cGMP), which is described in the FDA guidelines for human gene therapy ([@CR119]). All materials and components used for manufacture of a gene therapy product, e.g., vectors, reagents, and excipients, should be adequately characterized ([@CR119]).

Preformulation and formulation characterization is performed in the early stage of product development. A full product characterization helps to determine the impact of the manufacturing process, process parameters, and excipients on the quality of the gene therapy products.

Vector concentration is one of the quality attributes of gene therapy products. A standard method for measurement of the AAV concentration in both DS and DP is quantitative polymerase chain reaction. D'Costa *et al*. ([@CR120]) and Neuberger *et al*. ([@CR121]) described the use of quantitative polymerase chain reaction and its advantages for quantification of AAV. Another critical quality attribute for AAV-based gene therapy products is the empty/full capsids ratio, which is traditionally measured using density-based analytical centrifugation. Sommer *et al*. ([@CR122]) further showed that ultraviolet absorbance of denatured AAV vectors can be utilized to quantify vector genomes and the content of capsid proteins in solutions.

A variety of advanced analytical technologies such as small angle X-ray scattering, transmission electron microscopy (TEM), cryo-TEM, synchrotron X-ray diffraction, differential scanning calorimetry, ion exchange chromatography, differential scanning fluorimetry (DSF), circular dichroism (CD) spectrometry, and others have been used in the literature to characterize vectors used for gene therapy products. For example, Xie *et al*. ([@CR103]) characterized AAV2 by TEM after large-scale purification and showed a homogenous preparation of full AAV2 particles on the nanometer scale. Additionally, semiconductor quantum dots (QDs) have been used for long-term live-cell imaging and detection of viral particles with high sensitivity. Joo *et al*. ([@CR123]) described labeling AAV2 with QDs to visualize and monitor viruses within living cells. The viral infectivity of AAV2 was maintained by the mild conditions used for the QD conjugation reaction ([@CR123]).

Bennett *et al*. ([@CR124]) suggested the application of DSF to determine melting temperatures for AAV serotype identification (Fig. [6](#Fig6){ref-type="fig"}). DSF is a rapid, robust, and cost-effective analytical method that requires small quantities of purified AAV capsids (\~10^11^ particles in \~25 μL). The DSF method evaluates the thermal profile of vectors, where the normalized relative fluorescence units (RFU) are plotted *versus* temperature, and the melting point is determined as the temperature that corresponds to the apex at a maximum RFU (Fig. [6](#Fig6){ref-type="fig"}). The study by Bennett *et al*. ([@CR124]) on AAV1--9 and AAVrh.10 showed that those AAV serotypes exhibited distinct, specific melting temperatures in buffered formulations commonly used in clinical trials.Fig. 6Thermal profiles of rAAV serotypes 1 to 9 and rAAVrh.10 produced by DSF analysis. The DSF spectra display normalized RFUs (relative fluorescence units) *vs.* temperature. A representative DSF spectrum is shown for each rAAV serotype. *Republished from Bennett et al*. ([@CR124]) *under the terms of the CC BY-NC-ND 4.0 license (*[*http://creativecommons.org/licenses/by-nc-nd/4.0/*](http://creativecommons.org/licenses/by-nc-nd/4.0/)*).*

Venkatakrishnan *et al*. ([@CR102]) used biophysical and computational approaches to study the structure of the viral protein VP1 in AAV serotypes 1--12. CD spectrometry and cryo-TEM were used to examine the effects of temperature and the pH values encountered during endocytic transport on the conformation of the AAV capsids. CD spectrometry indicated that in solution the viral protein VP1u in AAV1 and AAV6 exhibits a well-ordered α-helical secondary structure. Gradual loss of this α-helical structure was seen when the pH decreased from 7.5 to 4.0, and this loss was reversed when the pH went back up to 7.5. CD spectroscopy experiments confirmed the effect of temperature on the ordered α-helical structure of the viral-linked proteins of AAV1 (Fig. [7](#Fig7){ref-type="fig"}) ([@CR102]). On the other hand, negative-stain electron microscopy visualization suggested that AAV1 capsids maintain their integrity upon the pH treatment, consistent with earlier observations of the maintenance of structural integrity of AAV8 capsids in spite of pH changes in the endocytic pathway ([@CR102]).Fig. 7Example of circular dichroism (CD) spectra of AAV serotype 1 (AAV1) viral-linked proteins at different temperatures. A clear α-helical propensity can be seen for AAV1. This helical signal is lost as temperature increases. *Reproduced from Venkatakrishnan et al*. *J Virol. 2013;87:4974--84. doi* 10.1128/JVI.02524-12 ([@CR102]) *with permission from American Society for Microbiology. © 2013.*

As discussed above, one aspect of the physical instability of vectors is aggregation. Wright *et al*. ([@CR93]) studied aggregation of rAAV2 and the effect of aggregation on vector performance. Dynamic light scattering can be employed to determine the aggregation of AAV with high sensitivity. It requires very small sample volumes (20 μL) and provides a semi-quantitative measure of AAV aggregation. The size of aggregates or nano-aggregated AAVs can also be measured by applying small-angle X-ray scattering. A potential advantage of this technique is that it can be applied to samples that are not optically transparent, such as frozen solutions and freeze-dried powders.

The development of novel and sophisticated state-of-the-art technologies with higher resolution and applications of these new technologies for characterization of biologics, including vectors, will offer a better scientific understanding of the physicochemical properties, purity, and stability of the vector-based formulations used for human gene therapy products in the future.

Regulatory Perspective {#Sec16}
----------------------

In the United States, the Center for Biologics Evaluation and Research of the FDA regulates human gene therapy products. The rigorous preclinical and clinical assessments that are required for gene therapy products are outlined in regulatory guidance documents. Since the first FDA guideline on human gene therapy was published in April 2008 ([@CR119]), significant progress has been made in the field of gene therapy. In July 2018, the FDA unveiled update draft guidance documents on human gene therapy that outline the current regulatory perspective. The six new FDA guidelines focus on the following areas:I.Chemistry, Manufacturing and Control (CMC) Information for Human Gene Therapy Investigational New Drug Applications (INDs) ([@CR125])II.Human Gene Therapy for Retinal Disorders ([@CR126])III.Testing of Retroviral Vector-Based Human Gene Therapy Products for Replication Competent Retrovirus During Product Manufacture and Patient Follow-up ([@CR127])IV.Human Gene Therapy for Hemophilia ([@CR128])V.Human Gene Therapy for Rare Diseases ([@CR129])VI.Long Term Follow-Up After Administration of Human Gene Therapy Products ([@CR130])

The first three documents above contain the most relevant guidance applicable to ocular gene therapy. The draft guidance on CMC information for human gene therapy INDs ([@CR125]) is intended to update the April 2008 guidance ([@CR119]). Its aim is to "inform sponsors of gene therapy products with regulatory expectations on CMC information" and data that are required "to assure the product safety, integrity, quality, purity, and strength (including potency) of an investigational gene therapy product" ([@CR125]). The new guideline provides detailed recommendations on the description of the DS and DP, including the physical, chemical, or biological characteristics, manufacturing process and controls, and testing information, for the purpose of ensuring the DS and DP meet acceptable limits for identity, strength (potency), quality, and purity. For example, information needs to be provided to illustrate the structure and structural elements of gene therapy products utilizing either viral vectors or bacterial vectors. Another requirement is a complete description of all procedures used for gene modification when the product consists of genetically modified cells ([@CR125]). It should be noted that these six new regulatory guidelines issued by FDA are all in 'draft' format and may be subject to change in the future. The European Medicines Agency has also recently (March 2018) updated its guidance on the quality, nonclinical, and clinical aspects of gene therapy medicinal products ([@CR131]). A comparative review of the content of the European Medicines Agency guideline *versus* the FDA guidance on the CMC information for human gene therapy is not within the scope and objectives of this review article. Nor do we review the status of the regulatory guidelines for human gene therapy in countries outside the United States or European Union.

One of the concerns for gene therapy products is the potential for virus or vector shedding, especially when the used virus or gene therapy vectors are considered capable of replication or persisting in patients over extended periods of time, as suggested by limited findings in patient excreta. Consequently, human-to-human transmission as a potential outcome of shedding may become an important public health issue. The FDA guideline entitled: "Design and Analysis of Shedding Studies for Virus or Bacteria-Based Gene Therapy and Oncolytic Products" provides guidance on vector shedding studies, including both how and when shedding data should be collected and how shedding data can be used to assess the potential for transmission to untreated individuals ([@CR132]). The European Medicines Agency has a similar guideline on vector shedding entitled: "ICH Considerations - General Principles to Address Virus and Vector Shedding" ([@CR133]). Currently there is no harmonized guideline on vector shedding. The International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) endorsed a guideline topic, "Virus and Gene Therapy Vector Shedding and Transmission" in September 2009, which was assigned as M6. Later, in April 2011, development of the M6 guideline was rejected following discussion by the ICH Steering Committee that concluded: "due to the state of the science and related resource allocation the vector shedding would not be supported as a topic for harmonization" ([@CR134]). Vector shedding was investigated in patients' tears, serum, and whole blood as part of the clinical assessment for the first ocular gene therapy product, voretigene neparvovec-ryzl, during the phase III clinical trial ([@CR135]).

Conclusions and Outlook {#Sec17}
=======================

The approval in 2017 of voretigene neparvovec-rzyl marked a key milestone in the evolution of gene therapy as a modality for treatment of ocular diseases. We anticipate that investment in gene-based therapies will continue for both IRDs and other ocular diseases, and indeed, the clinical and preclinical pipeline is robust with dozens of programs in development. Although AAV is now firmly established as the leading vector technology, lentivirus also remains in use and can be considered for delivery of larger transgenes. Efforts in non-viral delivery also continue, with the EyeCET electroporation technology currently being evaluated in a phase I/II study. Continued optimization of AAV by both directed evolution and rational design will likely lead to additional new vectors with improved attributes, including more efficient transduction of target tissues following delivery using less invasive routes of administration (e.g., intravitreal or suprachoroidal injection). The production, formulation, and characterization of AAV-based products generally leverages know-how and methods already established for biologics. The general regulatory expectations in the United States and European Union seem to be similar. Nonetheless, we anticipate that formulation and analytical tools will also continue to evolve as use of AAV becomes more prevalent, and that regulatory expectations will also continue to be clarified as additional products progress through development and approval. With the recent scientific advances and clinical successes, gene therapy has emerged as a powerful approach with the potential to offer long-lasting therapeutic benefits to address unmet medical needs. We expect continued advances in translating gene therapy into an important modality for the treatment of ocular disorders.
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:   Adeno-associated virus

AMD

:   Age-related macular degeneration

CD

:   Circular dichroism

CMC

:   Chemistry, manufacturing, and controls

DP

:   Drug product

DS

:   Drug substance

DSC

:   Differential scanning calorimetry

DSF

:   Differential scanning fluorimetry

FDA

:   United States Food and Drug Administration

GMP

:   Good manufacturing practice

HCP

:   Host cell protein

ICH

:   International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use

IND

:   Investigational new drug application

IRD

:   Inherited retinal disease
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:   Kilobase

LCA

:   Leber congenital amaurosis

LHON

:   Leber hereditary optic neuropathy

ORF

:   Open reading frame

PLA

:   Poly(lactic acid)

PLGA

:   Poly(lactic-*co*-glycolic acid)

QD

:   Quantum dot

rAAV

:   Recombinant AAV

RP

:   Retinitis pigmentosa

RPE

:   Retinal pigment epithelium

RPE65

:   Retinal pigment epithelium--specific 65-kDa protein

sFlt-1

:   Fms-like tyrosine kinase-1

SNP

:   Single-nucleotide polymorphism

TEM

:   Transmission electron microscopy

VEGF

:   Vascular endothelial growth factor

XLRP

:   X-linked retinitis pigmentosa

XLRS

:   X-linked retinoschisis
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